Introduction
Animal production is becoming more concentrated and air emissions of potentially harmful compounds such as ammonia (NH3), hydrogen sulfide (H2S), methane, and other pollutants such as odor are under increased scrutiny due to human health and environmental implications. At this time, the health risks and environmental impacts have been determined for NH3 and H2S, but data documenting typical levels emitted from livestock operations is sparse in the U.S. (Merchant and Ross, 2002) . Differences that exist from one site to another in diet, manure handling strategies, animal numbers, ventilation, climate, and weather, make estimation of gaseous emissions from animal facilities difficult (National Research Council, 2003) . However, determining the 'typical' concentrations and emission rates from similar facilities are necessary before the impact of regulations and the need for regulation can be established. Emission factors from various components of a farm system (i.e. manure storage, animal housing) are often used to develop site emissions estimates.
Practices to reduce emissions from animal feeding operations (AFOs) are therefore of great importance for producers as they predict how future regulations may impact their operations. Diet modification to reduce nitrogen inputs into the animal by reducing dietary crude protein (CP) without negatively impacting performance is a proven method of reducing nitrogen excretion. Hayes et al. (2004) found that swine average daily gain was not significantly impacted by decreasing the crude protein from 22% to 13%; however, estimated NH3 emissions decreased from 8.27 to 3.11 g/d per animal based on point sampling of ventilation rate and house NH3 concentration. Panetta et al. (2006) demonstrated a 48% reduction in NH3 emissions when dietary protein was reduced 17%. Inclusion of fiber in non-ruminant diets has effectively reduced ammonia (NH3) emissions (Canh et al., 1998) in part due to an increase in the abundance of bacteria able to ferment fiber in the pig hind-gut that results in an increase in the proportion of microbial nitrogen excretion relative to urinary nitrogen excretion (Younes et al., 1995; Groeneveld et al., 2000) . This increase in microbial nitrogen has been suggested to stabilize stored manure nitrogen such that it is not volatilized into the environment after excretion relative to urinary nitrogen excretion (largely urea). In addition, manure from pigs fed fibrous ingredients often results in manure with lower pH which also reduces the emission of NH3 from manure. The U.S. continues to expand its ethanol production, generating an increasing available supply of distillers dried grains plus solubles (DDGs), a co-product that contains more fiber than corn. In contrast, dehulled, degermed corn (DDC), a product of corn milling, is more digestible than corn because the fibrous hull is removed (negative control). Removal of the germ has the added benefit of reduced phosphorus content. Corn germ meal (CGM), another product of corn milling contains highly digestible amino acids and may, therefore, produce a change in nutrient excretions, and ultimately emissions. This is not a peer-reviewed article.
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The impact of diet modification on air emissions is poorly documented. In general, there has been limited research conducted that directly measures emissions following diet modification; current literature typically estimates emissions based on nitrogen excretion measures followed by an assumption of NH3 volatilization. The objective of these studies was to quantify emission impact that resulted from feeding 1) diets containing reduced nutrient excesses or 2) diets containing co-product feedstuffs to swine throughout the grow-finish phase and to quantify gaseous emissions, nutrient excretions, and animal performance.
Materials and Methods

Animals and Housing
All animal procedures were approved by the Animal Care and Use Committee at Iowa State University. In each study, crossbred barrows (6 per chamber at the start of the project with an initial BW between 18 and 20 kg) were housed in 8 animal chambers at the Air Emissions Laboratory at Iowa State University. Pigs were allocated to each chamber by weight in order to minimize body weight differences within each chamber. The pigs were penned in a 3.05 m × 1.52 m raised deck with plastic-coated flooring. Swinging nipple waters were located above the middle of the pen and a two-hole feeder was located at one end of each pen. Chamber temperatures (18.3°C to 25.6°C) were adjusted weekly based on the average pig BW within the chamber so as to remain in the thermoneutral zone of the animal. Fluorescent lighting was programmed to come on at 0700 h and go off at 1800 h. Barrows were provided ad libitum access to feed and water. New feed was offered daily between 0600 and 0900 h. Feed data were recorded daily and remaining feed was removed and weighed from the feeders at the end of each feeding phase from which average daily intake was calculated.
Dietary Treatments
Reduced nitrogen study
The objective of this study was to reduce total nitrogen in the diet (crude protein) by including synthetic amino acids (AA) and removing feed protein sources. Barrows were fed a common mashed starter diet during a 13-d chamber acclimation period. Four feeding phases followed: Grower Phase 1 (G1; beginning at 24.5 kg BW), Grower Phase 2 (G2; 55.3 kg BW), Finisher Phase 1 (F1; 87.2 kg BW), and Finisher Phase 2 (F2; 111.4 kg BW). Pigs were offered one of three pelleted diets during each phase: a control diet (C), a low CP diet (LCP) and an ultra low CP diet (ULCP). Dietary crude protein was reduced between the three dietary treatments by adding supplemental AA to the diet such that the AA needs of the barrows were achieved with concomitant reduction in dietary N. The C diet contained only synthetic lysine. The LCP diet contained synthetic lysine, methionine, and threonine while the ULCP diet contained lysine, methionine, threonine, tryptophan and either valine or isoleucine, depending on the feeding phase. Diets were formulated to contain similar lysine and energy content. Formulated CP of G1 was 22.5%, 20.0%, and 18.4% for the C diet, LCP diet, and the ULCP diet, respectively. Progressing through each feeding phase, there was a decrease in the percentage of formulated CP such that F2 was formulated to contain 16.6%, 15.4%, and 13.8% CP in the C, LCP, and ULCP diet, respectively. During the four feeding periods diets C and LCP were offered in three of the eight chambers (n = 3) and diet ULCP was offered in two of the eight chambers (n = 2). Diets were assigned, randomly, to groups in each of the 8 chambers at the start of each feeding phase. Diets were twice sampled weekly and pooled together at the end of the feeding phase for proximate and AA analyses. At the end of F1, 1 pig was removed from each chamber such that 5 pigs remained in each pen for the remaining finisher phase (F2).
Corn co-product study
The objective of this study was to evaluate the impact of feeding corn co-products to swine with increasing amounts with progression through the production phases. Six feeding phases followed: Starter Phase (S1; beginning at 18 kg BW), Grower Phase 1 (G1; 27 kg BW), Grower Phase 2 (G2; 41 kg BW), Finisher Phase 1 (F1; 58 kg BW), Finisher Phase 2 (F2; 78 kg BW) and Finisher Phase 3 (F3; 101 kg BW). Pigs were offered one of the following diets in mash form during each phase: a control corn diet (C), a diet with increasing amounts of dehulled, degermed corn (DDC), a diet with increasing amounts of dried distillers grains with solubles (DDGs) and a diet with increasing amounts of corn germ meal (CGM). Coproduct content increased from 0% to 30% as pigs progressed through the feeding phases. During the S1 phase 5% of the co-product was contained in any diet; in G1 this was increased to 10%; 15% in G2; 20% in F1; 25% in F2 and 30% in F3. Diets were formulated to contain similar lysine and energy content. Each diet was offered in 2 of the 8 chambers during the 6 feeding periods and pigs in each chamber were fed the same treatment throughout the study. At the end of F1, 1 pig was removed from each chamber such that 5 pigs remained in each pen for the remaining finisher phases (F2 and F3). Diets were twice sampled weekly and pooled together at the end of the feeding phase for proximate and amino acid analyses.
Measurements and Analytical Procedures
Methods were consistent for both studies. Through software control (LabVIEW Ver. 7.0, National Instruments; Austin, Tex.), gas concentrations were monitored in the chambers in a sequential manner, beginning first with incoming air, then sampling exhaust air from each of the eight chambers. The incoming air line was purged for 14.5 min and chamber sample lines were purged for 9.5 min before the start of data collection. Following purging, data was collected for 5.5 min. Readings were taken every 30 s and averaged during the last 5.5 min of sampling. Gas concentrations were measured simultaneously within a sample stream. Samples from the chambers were pulled to a sampling manifold using a Cole-Parmer vacuum pump (Cole-Parmer Instrument Company, Vernon Hills, Ill.) at a rate of 30 L/min, through Teflon tubing (30.43 m long with an outer diameter of 9.5 mm) placed 127 mm into the exhaust duct of each individual chamber. From the manifold the air stream was diverted into 4 gas analyzers: a TEI 17C NH3 Analyzer (Thermo Electron Corporation; Franklin, Mass.) that determined NH3 concentration (0-20 ppm, ±1% precision at fullscale), and a TEI 45C with a 340 converter (Thermo Electron Corporation; Franklin, Mass.) measuring H2S concentration (0-10 ppm, ±1% precision at full-scale) a VIG Model 100/2 methane/non-methane total hydrocarbon analyzer (VIG Industries, Anaheim, CA), and a BINOS 200M analyzer for measuring O2 and CO2 (Rosemont Analytical). Ventilation rate was dependent on temperature and ranged from 2.5 to 15 air changes per h.
Gas concentrations were recorded every 30 s during the last 5.5 min of sampling in each chamber and averaged for each sampling event. Temperature and humidity, measured using a CS500 Temperature and Relative Humidity Probe (Campbell Scientific, Inc.; Logan, Utah) were recorded during this time. The recorded values were exported to a spreadsheet, adjusted to standard temperature and pressure, and averaged for each sampling period. All averaged incoming air gas concentrations were subtracted from the chamber gas concentrations before chamber averages were calculated. Averages were calculated to determine the emissions during the 2 h and 20 min time that it took to sample a chamber again.
Airflow rates into and out of each chamber were measured continuously, allowing for calculation of gas emission rates. A differential pressure transducer (Setra Model 239, Boxborough, Mass.) measured the pressure drop across a 152.4-mm orifice plate in the inlet ductwork of each chamber and, using calibration curves, airflow estimates were determined and automatically recorded every 30 s (±0.14% precision at fullscale). Emission rate was calculated based on the airflow average and the gas concentration averages at standard temperature and pressure during the recorded sampling time.
Galvanized steel manure collection pans (3.05 m × 1.52 m × 75 mm deep) were placed underneath the plastic-coated flooring of each pen to collect urine, feces, and wasted feed and water. Manure pans were partially cleaned twice weekly to remove some manure and prevent overflow.
Statistical Analyses
Data were analyzed using the statistical procedures of SAS v. 8.4 (SAS Institute, Cary, N.C.). Animal performance and manure production data were analyzed using a fixed model wherein diet, phase, and the interaction of diet and phase served as fixed effects. Least squares means and standard errors were calculated. Chamber was originally included in the model but removed due to lack of significance. Animal performance measures were calculated for the average pig in each chamber despite chamber serving as the experimental unit. This calculation was made in order to adjust for uneven pig numbers between chambers due to mortality and to account for the reduction from 6 to 5 pigs in each chamber at the start of the F1 phase. Statistical significance was declared at P < 0.05. The PDIFF option was used to compare means when the main effects were significant.
Emissions data were summed to represent daily emissions, average daily emission rate, emissions over a portion of the day (morning, day, or night), and emissions per unit of animal live weight. A mixed model was used to analyze the emissions data. Diet, chamber, and feeding phase were considered fixed effects. The interaction of diet and feeding phase was tested and served as the error term for the fixed effects. Date of sampling was analyzed as a random effect and the three-way interaction of diet, feeding phase, and chamber was the error term for the random effect. The interaction of diet and phase and the three-way interaction of diet, phase, and chamber were tested. Statistical significance was declared at P < 0.05. The PDIFF option was used to compare means when the main effects were significant.
Results and Discussion
All data are depicted in the Appendix.
Animal Performance
Dietary treatment had no significant effect on average daily feed intake, average daily gain, or gain per unit of feed in either of the two studies. Because diets were formulated to contain similar energy and lysine content performance differences were not expected. Furthermore, because nutrients were provided to meet recommended levels, animals were expected to perform well and mimic commercial performance.
Air Emissions
Reduced nitrogen study
As a result of reducing dietary CP, average daily NH3 concentration in the chambers was reduced 16% and 36% for the LCP and ULCP diets across all 4 feeding phases, respectively, when compared to the C diet (P<0.05; C>LCP>ULCP). Emission rates and daily mass of NH3 emitted were reduced similarly (P<0.05; C>LCP>ULCP). Adjusting emissions for bodyweight resulted in a 22% and 48% reduction in NH3 emissions for the LCP and ULCP diets, respectively, when compared to the C diet (P<0.05; C>LCP>ULCP). These reductions are larger than the diet effect reductions observed in manure N and NH4 + -N content (data not shown; Powers et al., 2007) . Reporting of emissions as a function of BW (88.0, 68.9, and 46.0 mg/kg BW for the C, LCP, and ULCP diets, respectively) could be considered emission factors and applied as a multiplier for the purpose of estimating emissions from any given swine operation (P<0.05; C>LCP>ULCP). Caution must be executed in applying such an emission factor to all swine operations, however, because the current study demonstrated a significant effect of phase on the emission factor. The emission factor generally increased as pigs aged; however, this was dramatically reversed when pigs reached the F2 phase. Note, however, that F2 was only 1 week in duration because pigs had reached market weight. While the directional trend was similar, the emission factor in the current study was approximately 40% greater than that reported by Hayes et al. (2004) . Differences are likely due to measurement frequency (continuous in the current study and on d 9, 14, 16, 21, and 23 only in the work conducted by Hayes et al., 2004) and measurement equipment (Draeger tubes were used by Hayes et al., 2004) . Hayes et al. (2004) stored manure continuously while the current study partially emptied manure storage twice weekly resulting in no more than 75-mm depth of accumulation. Ammonia emission rates in the current study were considerably greater than emission rates reported by Panetta et al. (2006) who used the same analyzer for measurement as the current study but stored manure for 1 wk before complete clean out of the manure pits as opposed to partial removal of manure twice weekly in the current study. Complete removal of manure would cause a dramatic decrease in NH3 concentrations with concentrations building up as manure volume increased over the course of the week (Panetta et al., 2006) . Ammonia emission factors reported by others who took measurements in deep pit facilities were also greater than the current study (Heber et al., 2000) , whereas Lim et al. (2004) reported emission factors in the same range as the current study when measuring emissions from pull-plug and pit recharge systems.
No significant diet effects were observed for H2S concentration or emissions across feeding phases (P>0.05). Emission factors observed in this study (0.35 to 0.47 mg/kg BW) were on the low end or less than that reported by others regardless of whether the housing was deep pits (Heber et al., 2000; 16 .6 mg/kg BW mean with a range of 4.8 to 45.2 mg/kg BW) or pull-plug (Lim et al., 2004 ; 0.22 to 0.284 mg/kg BW), but were clearly more comparable to values reported in pull-plug systems. Zhu et al. (2000) reported a H2S emission factor that ranged from 4.0 to 6.64 mg/kg BW from deep-pit facilities. Hydrogen sulfide values in the current study may have been lower than previously reported values due to the mineral sources, S content in the water supply, or the manure handling method. Specifically, depth of manure storage and length of storage time, in the current study, best represented a pull-plug system.
Corn co-product study
Average daily NH3 concentration was less from manure where pigs had been fed the corn diets compared to the other 3 treatments. However, when adjusted for airflow, NH3 emission rate from manure generated by pigs fed the DDGs treatment were greater than emissions resulting from the remaining 3 dietary treatments. Mass of NH3 emitted per day was less in the CGM and C treatments than the DDGs and DDC treatments. Daily mass of NH3 emitted was less in the DDC treatment than in the DDGs treatment. When emissions were adjusted for animal liveweight and nitrogen consumption, NH3 emissions were less in the CGM treatment, intermediate in the C and DDC treatments, and greatest in the DDGs treatment. In general, NH3 emissions were consistently increased as a result of DDGs inclusion in the diet (increasing inclusion from 5 to 30% of the diet as pigs progressed through 6 feeding phases). Although the DDGs diet contained more N in the diet, adjusting the emissions data for N intake did not impact the increased NH3 emissions as a result of this treatment.
Average daily H2S concentration were lowest from manure where pigs had been fed the corn diets, intermediate in the DDC and DDGs treatment, and greatest in the CGM treatment. However, when adjusted for airflow, H2S emission rate from manure generated by pigs fed the DDGs treatment were greater than emissions resulting from the remaining 3 dietary treatments. Mass of H2S emitted per d was less in the CGM, DDC and C treatments than the DDGs treatment. However, when emissions were adjusted for animal liveweight and S consumption, H2S emissions were not different as a result of treatment. In general, H2S emission rate and daily mass of H2S emitted were increased as a result of DDGs inclusion in the diet (increasing inclusion from 5 to 30% of the diet as pigs progressed through 6 feeding phases) but adjusting data for pen BW and S intakes, accounted for the differences observed.
Non-methane total hydrocarbon (NMTHC) concentration varied as a result of dietary treatment with the DDC diet resulting in the greatest concentration of NMTHC. No treatment effects were observed for NMTHC emission variables. In addition to evaluating dietary treatment impacts on NMTHC, this study provided valuable baseline swine data.
Dietary treatment affected all methane variables. In general, the manure from pigs fed the DDGs treatment produced less methane than pigs fed the other treatments. Corn diets were intermediate in methane production and the CGM and DDC diets resulted in the greatest methane production. Similar to NMTHC, the data are valuable in that limited methane data currently exists.
The hypothesis of this project was that increasing fiber content in the diet would shift the site of hindgut fermentation resulting in more fecal nitrogen (N) and less urinary N. Urinary N is more readily volatilized than fecal. Therefore, when fermentation resulted in a greater proportion of fecal nitrogen as a result of dietary fiber, we would observe less NH3 volatilization. The DDGs diet contained more dietary fiber than the corn diet, while the DDC diet contained less fiber than the corn diet. However, our work showed greater NH3 emissions as a result of feeding DDGs with no difference in NH3 emissions between corn and DDC diets. This contradicts our hypothesis. The DDGs treatment contained more dietary N than did the other treatments because DDGs was fed as an energy diet and less synthetic lysine was included in that treatment as pigs aged. However, adjusting emissions data for N intake was not sufficient to account for the differences in NH3 emissions. Excess dietary N is typically excreted in urine. We suspect the additional N in the DDGs diets was sufficiently large to mask any emissions benefit that might have occurred as a result of increased dietary fiber.
Hydrogen sulfide emissions were increased as a result of DDGs inclusion at 25 or 30%. Unlike N and NH3 emissions, the increased sulfur content of the DDGs diets accounted for the increased H2S emissions. Sulfur is a nutrient that may be able to be reduced in diets even when high levels of DDGs are included; mineral sources could be selected to reduce the S contribution from minerals. For example, iron oxide could be fed rather than iron sulfate. So while S emissions did increase in this study, there are options available to producers to minimize the potential for increases.
Differences in methane emissions are likely attributable to some change in microbial fermentation in the hindgut. The mechanism is difficult to discern and not the intent of this study. However, in the event that interest in methane production from swine increases from a regulatory sense, there is merit in determining the underlying cause for the DDC and CGM diet impacts on methane production.
Conclusion
Results from these studies contribute to the body of knowledge that documents emissions from swine operations and demonstrates that diet modification is a viable strategy for altering emissions. In considering the implementation of reduced crude protein diets, diet cost must be considered as well as effects on animal performance. Feeding the LCP diet is practiced by a portion of the swine industry today. The ULCP diet would add considerable cost even when soybean meal prices are high. However, the cost of diet changes must be weighed against the cost of alternative emission control practices, most of which are likely engineered practices. Additives may be another option but data are lacking regarding cost and related effectiveness for air emissions. Furthermore, in the event that swine operations are at some point accountable for N production in general, point source control measures such as diet modification may be a feasible solution, regardless of the ULCP diet cost as compared to the C diet cost. It is imperative that as producers change ingredients and diet formulations, they consider more than just the amino acid and/or energy content changes, such as added N or S, and account for those nutrients in the formulation. 
